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Stability1. Introduction
Graphene is a truewondermaterial and has the potential to generate
disruptive technologies. Since it was isolated in 2004 [1] a wide range of
impressive properties have been reported for graphene including the fol-
lowing: high electronmobilities of over 200,000 cm2 V−1s−1 at electron
densities of ~2 × 1011 cm−2 [2], high thermal conductivity of
~5 × 103 W m−1 K−1 [3], impermeability to gasses despite being one
atom thick [4], ballistic transport of electrons [5,6], absorption of 2% ofation; Brij700, polyoxyethylene
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an).
. This is an open access article underthe light passing through it [7], and being “the strongest material ever
measured” [8] with a Young's modulus of TPa. The fact that all of these
properties are found within a single material has stimulated great inter-
est in graphene. In spite of this, it is still only at the early stages of com-
mercial development as a number of challenges need to be addressed.
The ﬁrst of these has been a lack of scalable synthetic routes to produce
graphene in the quantities required for industrial applications. However,
a number of methods for scalable graphene synthesis are now emerging
[9]. The second problem relates to the difﬁculties in processing graphene,
in particular graphene's poor colloidal stability inmost common solvents
[10].
For a graphene dispersion to be useful, essential criteria must be
met: the graphene must disperse at a useful concentration, in a solvent
appropriate to the application, and remain dispersed over a reasonable
period of time. Current strategies to solve these challenges are the
subject of this review.
2. What makes a good dispersion?
The parameters for creating a good dispersion arewell established in
theﬁeld of colloid science [11]. The free energy of any colloidal system is
determined by both the interfacial area and tension. The theoretical
surface area ofmonolayer graphene is ~2590m2 g−1 [12]; consequently
there are a limited range of conditions under which it can be dispersed
typically involving sonication and polar aprotic solvents [13].
Maintaining a dispersion requires an energy barrier to aggregation
be introduced. This can be achieved by either electrostatic or steric re-
pulsion [14]. If the energy barrier is sufﬁciently high then Brownianthe CC BY license (http://creativecommons.org/licenses/by/4.0/).
Fig. 1. (a) Exfoliated graphene concentration as a function of sonication time of graphite in
NMP. (b) Concentration of graphene redispersed after isolation from graphite. Note that
on isolating the graphene from graphite that the total concentration of graphene disper-
sion increases dramatically.
Reprinted with permission from Porwal et al. [16].
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solvent selection [10,15,16], or by the modiﬁcation of graphene either
covalently or non-covalently [17].
Fromamanufacturing viewpoint the pressing challenges include the
following: increasing the range of dispersing solvents to include those
which are volatile and less toxic e.g. alcohols and water; improving
dispersion stability as a function of concentration, time, temperature,
and ionic strength; and more scalable routes to dispersion e.g. high
shear mixing as opposed to sonication. In addition to these there are a
series of second tier challenges which include the following: accurate
characterisation, safe handling, and post-processing. The ﬁnal, but
crucial challenge, is dispersionsmust be achieved in a cost effectiveway.
2.1. Types of graphene used in dispersions
“Graphene” is often used to refer to a family of materials including
the following: pristine graphene (G), graphene oxide (GO), and reduced
graphene oxide (rGO). Thesematerials can be further subdivided by the
method of production, in particular G. However, nomenclature for
graphene and its derivatives is variedwith some termsbeingused to de-
scribe a range of materials. A formal nomenclature has been proposed
by Bianco et al. but is not universally used and so care must be taken
in interpreting results [18].
In the context of dispersion G is nearly always produced by solvent
or surfactant assisted graphite exfoliation [13,19,20], although excep-
tions exist [21]. G has properties closest to those of defect free “pristine”
graphene [19]; the dispersion is a mix of single to multi-layer graphene
and graphite although these components can be separated [22]. GO is
produced by the exfoliation of graphite oxide (GrO), which is easily
achieved in water [23], however it is a very defective material with
markedly different properties from G [24]. Finally, rGO is produced by
the reduction of GO, generally by either chemical, or thermal methods
[25,26]. The removal of the majority of oxygen functionalities from GO
means rGO's properties are close to those of G, but thematerial remains
defective [26,27]. A further related material used in dispersions are
graphite nanoplatelets (GNPs)which are nanosized graphite ﬂakes [28].
Unfortunately the dispersibility of graphene and its derivatives is al-
most inversely proportional to its physical properties. As a simple guide,
dispersibility follows the trendGO N rGO NG. Chemical functionalisation
of these materials can improve dispersibility but can also increase their
defectiveness and have a negative impact on properties [29,30].
As a result there is often a compromise between the ability to
process the material and its resultant physical properties. Selecting the
correct graphene, and, where applicable, the correct functionalisation
method requires consideration be given to the end application: a
subject which has been reviewed elsewhere [9].
2.2. Dispersion of graphene
Several solvents have been identiﬁed as being particularly good at
dispersing graphene in particular: NMP, DMSO and DMF [15]. Ionic
liquids (ILs) have shown some promising results, however as they are
not widely used in industry they are beyond the scope of this review
and interested readers are directed to a recent review [31]. Generally re-
search into G dispersion is combined with its exfoliation from graphite;
while exfoliation and dispersion are distinct phenomena they are related.
Solvent interactions with graphene have been rationalised in terms
of both surface energies and Hansen solubility parameters [15,19].
However, as highlighted in a recent review, there are problems with
both these approaches [32]. Despite this, work in this area has produced
useful results in identifying and predicting good G solvents. Recent
molecular dynamics simulations support what has been found experi-
mentally, namely that:
NMP≈DMSO NDMF NGBL NH2Ofor G dispersion [33]. The mechanism of this dispersion is attributed to a
layer of conﬁned solvent near the G surface which prevents aggregation
of G sheets via sterics.
The dispersion of G into solvents ismost commonly achieved by son-
ication, which creates shear stresses and cavitation in the solvent [34].
This has the effect of breaking apart graphite and exfoliating the sheets
into individual G ﬂakes. The dispersion concentration is known to be
linked to both the sonication time and power (Fig. 1) [16]. By far the
most widely used solvent for dispersing graphene is NMP, where
sonication of graphite can yield stable G dispersions in the range of
0.01–2 mg ml−1 [16,19]. G, which has been isolated from its parent
graphite can be redispersed to concentrations of up to 63 mg ml−1
(falling to 33 mg ml−1 over 200 h) [16].
The extreme conditions of sonication even allows for the dispersion
of G in to poor, low boiling point solvents including the following: ace-
tone, chloroform, IPA, and cyclohexanone although a 48 h sonication
time is required [35]. However, long sonication times are generally
undesirable as it can reduce sheet size and introduces defects which
undermine graphene's properties [35–37].
Alternatives to sonication exist, recently both Liu et al. and Paton
et al. used a high shear mixer to produce G dispersion in NMP of
0.27 mg ml−1 and 0.07 mg ml−1 respectively [38,39]. Paton et al.
noted that non-turbulent local shear rates of N10× 104 s−1 were neces-
sary for exfoliation. From an industrial perspective high shear mixing is
a promising technique as it is a more mature technology than
ultrasonication.
It has also been demonstrated that ball millingwith organic solvents
can be used to disperse graphene [40]. Tested solvents included NMP,
TMU, DMF, THF, acetone, ethanol, and formamide with concentrations
of 88, 88, 97, 76, 66, 10.32 and 3.67 μg ml−1 found respectively.
Fig. 2. Proposed structure of GO comprising epoxy, hydroxyl and acid groups.
Reproduced from [49] with permission from the Royal Society of Chemistry.
Table 1
The solubility of GO and rGO in a range of solvents by bath sonication.
Reprinted (adapted) from Konios et al., with permission from Elsevier [27].
Solvent GO solubility/μg ml−1 rGO solubility/μg ml−1
De-ionised water 6.6 4.74
Acetone 0.8 0.9
Methanol 0.16 0.52
Ethanol 0.25 0.91
Propan-2-ol 1.82 1.2
Ethylene glycol 5.5 4.9
Tetrahydrofuran 2.15 1.44
N,N-dimethylformamide 1.96 1.73
N-methyl-2-pyrrolidone 8.7 9.4
n-Hexane 0.1 0.61
Dichloromethane 0.21 1.16
Chloroform 1.3 4.6
Toluene 1.57 4.14
Chlorobenzene 1.62 3.4
o-Dichlorobenzene 1.91 8.94
1-Chloronaphthalene 1.8 8.1
Acetylacetone 1.5 1.02
Diethyl ether 0.72 0.4
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A widely used route to graphene dispersions is via GO, produced by
the oxidation of graphite to GrO [41–43]; the oxygen species allow the
GrO to be easily exfoliated with respect to graphite [44]. The resulting
GO is highly functionalised, with groups including carboxylic acids and
epoxides (Fig. 2) [45–49], affording a carbon to oxygen ratio of between
4:1 and 2:1 [50]. As a result it is also highly defective to the extent that it
is electrically insulating.
The functional groups allowGO to be dispersed in a range of solvents
(Fig. 3) [27,51], polar aprotics such as DMF and NMP have been shown
to be able to spontaneously exfoliate GrO forming liquid crystal phases
[44]. Polar protics, including ethanol, are unable to spontaneously exfo-
liate GrO, but can disperse GO sheets by solvent exchange from water
[44]. As with G, intense sonication widens the number of solvents
which can disperse and exfoliate GO (Table 1) [27].
However, by far the most common solvent for GrO exfoliation and
dispersion is water [52,53]. In water GrO can be exfoliated either by
sonication [16,54], or even gentle shaking [55]; as a result control over
lateral sheet sizes can be achieved [56]. GO concentrations of up to
0.025 wt.% are easily achieved after which nematic liquid crystalline
phases form [57], although the nematic transition appears to be
dependent on sheet size [58].
The GO dispersion is maintained by the electrostatic repulsion of
carboxylate groups present, with typical zeta potentials of−64 mV in
water [57]. Protonation of the carboxylate groups results in the revers-
ible agglomeration of GO [59,60]. In addition it is possible to screen
the charge between carboxylate groups with salts triggering aggrega-
tion [61]. As the carboxylate groups are located at the sheet edge smaller
sheets aremore charged than larger, consequently control of pH [62,63],
or ionic strength [61], offers an alternative to centrifugation as a means
of separating small from large GO sheets [57,64]. The associated GOFig. 3. The dispersion of GO in a range of solvents immediately
Reprinted (adapted) with permission from Paredes et al. [51].morphology changes and folding of GO in water have been reviewed
elsewhere [65].2.4. Dispersion of reduced graphene oxide
Reduced graphene oxide (rGO) is produced by the reduction of GO,
giving a material with properties closer to G [25]. The dispersibility of
rGO is also closer to that of G (Table 1) [27]; although it disperses
more effectively in polar solvents compared to G [10]. This is probably
the result of residual carbon–oxygen containing functional groups; the
carbon:oxygen ratio typically being around 12:1 [66,67].
The aqueous dispersibility of rGO is generally poor with aggregation
occurring rapidly. However, there are reports of stable dispersions
formed by the in situ reduction of aqueous GO solutions [68,69]. The in
situ reduction negates the need for further sonication steps which
appear to be less effective, are time consuming, and are likely to cause
further damage to the rGO [70]. For comparison: the in situ reduction
of GO in water concentration of 1.4 mg ml−1 [69] as opposed to
0.005 mg ml−1 by sonication of rGO powder [27].
The morphology of graphene and its derivatives can be affected by
its processing, for example spray dried GO forms spherical, crumpled
paper like aggregates by intra-sheet π–π stacking [71]. The result is a
near spherical structure, a 44% reduction in surface area, and increased
resistance to further aggregation [72]. Thermal reduction to rGO resultedafter sonication (top) and after settling 3 weeks (bottom).
Fig. 4. Comparison of wear rate (top) and friction coefﬁcient (bottom) as a function of
friction time (four-ball, 1200 rpm, 147 N, 60 min, 75 ± 2 °C) for pure oil (blue), oil with
graphene (red) and oil with graphite (black).
Reprinted (adapted) from Lin et al., with permission from Springer [83].
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tone, chloroform, THF toluene, cyclohexane dichlorobenzene and ethyl-
ene glycol with respect to ﬂat rGO sheets [72].
3. Applications of graphene dispersions
The excitement surrounding graphene can be attributed to its
wide range of potential applications [9,73,74]. While most applica-
tions do not employ graphene dispersions directly, many of them
require graphene to be dispersed at some point during the process
(e.g. the deposition of thin ﬁlms of graphene). Therefore, the stability,
concentration and overall quality of the dispersion remains extremely
important.
3.1. Functional ﬂuids
Graphene's high thermal conductivity, electrical conductivity, and
inherent lubricity make it an ideal candidate for the modiﬁcation of
functional ﬂuids. Adding a solidmaterialwith high thermal conductivity
to a ﬂuid to increase the overall thermal conductivity of the system is
well known [75]. Having one of the highest thermal conductivities
known in anymaterial [3]makes graphene dispersions good candidates
for use as thermal ﬂuids. Yu et al. were the ﬁrst to show the use of GO asan additive to improve the thermal conductivity of ethylene glycol [76].
GO nanosheets were prepared and dispersed in ethylene glycol at con-
centrations of up to 5 vol.% which gave thermal conductivity increases
of up to 60% compared to pure ethylene glycol. Since this, other work
has shown similar results in a range of other solvents, with the greatest
improvement in thermal conductivity being observed in solvents with
low thermal conductivities such as ethylene glycol [77]. However, the
defects present in the structure of GO result in it having a lower thermal
conductivity than pristine graphene or rGO [78,79]. For this reason at-
tempts have also been made to increase the thermal conductivities of
solvents using rGO [80–82]. However, rGO is inherently incompatible
with many common solvents and so in most cases, either covalent
modiﬁcation or the use of surfactants is required. As an alternative to
these methods, GO was ﬁrst dispersed in both ethylene glycol and
water and then reduced in situ using heating and NaOH to give a
dispersion of rGO without the use of dispersants. Thermal conductivity
measurements of these dispersions in ethylene glycol gave increases in
thermal conductivity of up to 6.5% at 25 °C increasing to 36% at 50 °C
(with a maximum thermal conductivity of 0.34 W m−1 K−1), in spite
of low concentrations of rGO (0.14 vol.%) being used. In water the in-
creases seen were 14% and 94% at 25 and 50 °C respectively (with a
maximum thermal conductivity of 1.26 W m−1 K−1 being measured)
[69].
Dispersing graphene and its derivatives in functional ﬂuids can also
improve the tribological properties of the ﬂuid. Lin et al. were one of the
ﬁrst to report the addition of graphene to a lubricant. In order to obtain
good dispersions of graphene, dispersing agents including stearic acid
and oleic acid were used, resulting in both the coefﬁcient of friction
and wear being greatly reduced (Fig. 4), more so than observed with
the addition of graphite [83]. Other groups have since shown that the
addition of graphene to lubricants can reduce wear and friction
respectively by the following: 14% and 17% [84], 9% and 26% [85], and
33% and 80% [86] in base ﬂuids ranging from water [87] to organic
solvents [85] and oils [86,84].
3.2. Polymer composites
Dispersion of graphene in polymers is of signiﬁcant interest as it
promises to impart improved mechanical properties, electrical and
thermal conductivity, and barrier properties to commodity polymers.
To achieve many of these properties it is necessary to have percola-
tion, an interconnected network of graphene, throughout the com-
posite which is theoretically achieved at 0.1 vol.% [88]. However, in
practice percolation can vary between from ~0.1–3 vol.% [89–92].
Dispersions of graphene in hydrophobic commodity and engineer-
ing polymers is challenging. The ﬁrst problem is achieving a good
dispersion in the polymer. This is partly addressed by either dispers-
ing the graphene into a co-solvent with the polymer, before co-
precipitation or drying to a ﬁlm [70,89,93], or dispersing graphene
in a monomer and polymerising in situ to produce a composite
[94,95]. In an ideal situation solvent processed composites lock the
graphene into its well dispersed form in the solvent; however, it is
generally necessary to modify the graphene to improve its
dispersibility and its interaction with the polymer matrix [96,97]. In
situ polymerisation can give better results which may be due to the
graphene participating in the polymerisation: grafting polymer chains
on to graphene sheets [94].
Melt processing, direct dispersion into molten polymer typically
gives poor results compared to solution based methods [98], and
requires high volumes of ﬁller [99]. This is likely to be partly due to
the inherent low shears that can be achieved in high viscosity molten
polymers. As a result reducing the polymer–graphene interfacial
tension is expected to be even more important. This can be addressed
by either the prior functionalisation of graphene [100], or by reactive
blending in which the graphene reacts with the polymer under the pro-
cess conditions [101]. In addition to functionalisation and dispersion
371D.W. Johnson et al. / Current Opinion in Colloid & Interface Science 20 (2015) 367–382quality there are a number of other factors, such as graphene ﬂake
diameter and thickness that can impact on the performance of a
polymer composite [102].
3.3. Thin ﬁlms
Thin ﬁlms of graphene have many potential applications including
anti-bacterial sheets [103], electronic devices [104,105], organic photo-
voltaic devices [106], and transistors [107]. While it is common to
produce these ﬁlms directly from chemical vapour deposition, it is
also possible to create them using techniques such as spray coating,
drop casting or vacuum ﬁltration [20,110,108,109]. However, when
using these techniques it is important that the quality of the graphene
dispersion is high. If this is not the case then the ﬁlm's mechanical and
electrical properties will be lacking [109].
Another consideration when creating thin ﬁlms from dispersions of
graphene is the solvent being used. While NMP can be used to produce
stable, high concentration graphene dispersions it is also high boiling:
making ﬁlm deposition difﬁcult. However, dispersion in volatile, low
boiling point solvents is not trivial [27], and so in almost every case
some form of modiﬁcation must be used to stabilise the graphene dis-
persion [109]. An alternative approach to making ﬁlms of graphene,
arising from the good inherent solubility of GO in water, noted earlier,
involves the production of thin ﬁlms of GO and then, if required, reduc-
ing these either thermally or chemically in order to give a ﬁlm with the
properties of graphene [107,111,112].
3.4. Functional materials
Having a stable graphene dispersion allows controlled deposition to
create free standing graphene ﬁlms [113]. These are commonly
produced either by ﬁltration [114], casting [115], electrophoretic depo-
sition [116], or layer by layer deposition [117]. In the case of layer by
layer deposition graphene and a binder are alternately deposited from
a dispersion. Common binders include nanoparticles [116,118,119],
and polymers [117,120]. Composite materials may easily be produced
by incorporating a ﬁller or active material into the ﬁlm either via the
binder layer [121] or by co-deposition from the dispersion [122]. The
resulting materials have found applications in sensors [123], super
capacitors [121], and environmental remediation [124].
Both GO and rGO dispersions can be used to produce hydro-
and organo-gels; a topic which has been recently reviewed [125]. As
gelation occurs from graphene derivative dispersions it is possible to in-
corporate othermaterials, such as nanoparticles, into the gel to produce
composite materials. Removal of the solvent phase produces 3D porous
materials which ﬁnd applications in energy storage [126], water puriﬁ-
cation [127,128], and gas adsorption [129].
Suitable gelation promoters for aqueous GO dispersions include
among others: PVA [130], PEI, PEO, melamine, and multivalent metal
cations [131]. In addition GO can spontaneously gelate in water
by careful control of concentration and pH [131]. Gelation occurs
either by hydrogen bonding or columbic attraction, the latter generally
being stronger. In hydrogen bonded systems the sol to gel transition
can be controlled by pH or ionic strength [130,131]. GO can also gelate
in organic solvents, dependent of the lateral sheet size dimensions
[132].
The reduction of aqueous dispersions of GO can result in the forma-
tion of rGO hydrogels, provided the GO concentration, temperature and
reaction time are carefully controlled [133]. Similarly rGO organogels
can be produced by the reduction of GO sheets in organic solvents [134].
3.5. Graphene inks
Inkjet printing of graphene is a technique that has emerged as a
method of producingﬁne or complex patterns of graphene for use in ap-
plications such as sensors [135], printed electronics [136], antennas[137], and supercapacitors [138]. While the dispersions used for this
technique require similar properties to those used in the production of
thin ﬁlms, there are some additional challenges thatmust bemet. Inkjet
printing typically requires inks with a particular viscosity and surface
tension [139,140] which does not match well with the properties of
the known good solvents for graphene [141]. Alongside this, high
concentration dispersions are required to prevent the need for high
numbers of print passes and to avoid aggregation, whichmay occur dur-
ing drying [141].
In general, groups have attempted to overcome these challenges by
using additives and stabilisers alongside graphene to alter the proper-
ties and stability of the dispersion. Common additives as viscosity mod-
iﬁers and stabilisers include ethylene glycol [136], and ethyl cellulose
[141,142].
As with thin ﬁlms, an alternative to the production of graphene inks
is to use the good dispersibility of GO in water to produce GO inks. This
has the advantage that high loadings of GO can be used to increase the
viscosity of the ink without the need for additives or stabilisers [137,
138]. However, if these inks are used then an additional step of reduc-
tion must be performed after printing in order to restore the desired
properties of graphene [138].
3.6. Environmental remediation
Graphene's extremely high surface area [12] has led to interest in the
use of graphene or graphene derivatives for the removal of pollutants
[143]. One of the key areas in this ﬁeld is the removal of heavy metal
ions from water sources [144]. As GO is soluble in water and has a rela-
tively active surface, it is commonly the material of choice for those in-
vestigating this area; however,water dispersible forms of functionalised
graphene are also of used [143]. Graphene derivatives have been shown
to be able to successfully remove pollutants including the following:
Cu(II) [145], Cd(II) [124,146], Co(II) [124], Zn(II) [146], Pb(II)
[146–149], Hg(II) [150,151], Ni(II) [152], As(III) & (V) [153–155], and
Cr(VI) [156] from water, as well as a range of organic dyes including
methylene blue [157–159], and malachite green [158] among others
[143]. For those interested in this ﬁeld more in depth reviews are avail-
able [143,144].
3.7. Industrial perspectives on applications
In addition to the challenges already outlined, from a commercial or
industrial perspective additional challenges exist; namely cost, stability,
safety and end of life. The cost of producing a dispersible graphene and
then dispersing it must be competitive. Stability during storage and
transport must also be considered; the dispersion must be stable for a
sufﬁciently long period of time to be useful. This stability must also ex-
tend to temperature, during transport and storage. Avoiding toxic and
highly ﬂammable solvents would be desirable and in some applications
necessary. Additionally transporting large volumes of solvent is costly,
so an ability to concentrate the dispersions for transport then dilution
on site would be advantageous. Finally end of life and disposal must
also be considered.
4. Functionalisation of graphene to aid dispersion
Given the limited range of solvents in which graphene disperses
well, there is a lot of interest in its chemical functionalisation to produce
modiﬁed graphenes with greater dispersibility in a wider range of sol-
vents. In particular improving the dispersibility in water and volatile,
low toxicity organic solvents is a priority for commercial application.
Modiﬁcation can be divided in to the non-covalent, involving the ad-
sorption of molecules on to the graphene surface, or covalent involving
chemical reaction with the graphene carbon atoms. Comprehensive
reviews of graphene modiﬁcation are presented elsewhere [160]; here
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improve graphene dispersion.
4.1. Non-covalent modiﬁcation of graphene
The non-covalent modiﬁcation of graphene and its derivatives has
several advantages over covalent modiﬁcation including the following:
no dangerous chemistry, an abundance of commercially available mod-
iﬁers, and the avoidance of damage to the graphene sp2 network, which
is essential to maintain many of its properties [160,161,162]. Therefore,
non-covalent modiﬁcation techniques lend themselves well to pristine
graphene and GNP materials. Speciﬁc, non-covalent interactions have
been reviewed elsewhere and include hydrogen bond–π, π–π, cation–π,
and anion–π [160]. For the purposes of dispersions the principle interac-
tions are π–π, cation–π, and hydrophobic effects; also emerging is the
use of particles to maintain graphene dispersions.
Froman industrial perspective non-covalentmodiﬁcation, especially
with surfactants, is appealing because the process is relatively simple.
4.1.1. π–π interactions
The concept of π–π stacking is used to describe the non-covalent
interactions involved in the stacking of aromatic molecules [163]. The
extended, aromatic network of sp2 carbon atomsmakes this interaction
important in graphene functionalisation. The precise nature of the π–π
interaction is a matter of debate but in graphene appears to be a combi-
nation of dispersive and electrostatic interactions [164–167]. A variety
of aromatic systems have been shown to interact with graphene includ-
ing the following: polyaromatic hydrocarbons (PAH) [168–173],
peptides [174,175], DNA [176], and conducting polymers [177–179].
As a means of functionalisation π–π is generally applied to pristine
graphene, GNPs or rGO. This is because functional groups, as present
in GO, disrupt the sp2 network and the π–π interactions [180,181]. In
the context of dispersions π–π stacking is used to tether groups which
aid dispersion on the surface of sheets. This prevents graphene aggrega-
tion through sterics [168] or electrostatic repulsion [169].
By far the most common molecules used for π–π stacking are PAHs,
and more particularly pyrenes. The binding strength as a function of
PAH size is additive [165], and π–π bond strength has been shown to
increase when the PAH is electron deﬁcient [166].
Pyrene derivatives have been used to aid the dispersion of graphene
either as small molecules [168–170], or as part of a polymer chain
[171–173]. Green et al. conducted a detailed study comparing a series
of pyrene derivatives for their ability to stabilise pristine graphene in
aqueous solutions [169]. They found that charged pyrene derivatives
performed best with the following trend sulfonyls N carboxylic acids N
amines; salts were found to be particularly effective. This trend is
presumed to be due to the electronegativity of the functional
group, with the more electronegative sulfonyls increasing the strength
of the π–π bond. The sodium salt of 1-pyrene sulfonic acid was
found to give the optimal graphenedispersion at 0.33mgml−1with im-
proved thermal stability. Similarly Schlierf et al. compared a series of
pyrene dyes containing varying numbers of sulfonyl and hydroxyl
groups for the exfoliation of graphite [183]. Saturation of the graphite
with dye occurred over several hours; dye absorption correlated to
the molecule's dipole.
While the majority of the small molecule PAH literature focuses on
electrostatics as a means of improving dispersion in water there are
some examples where sterics are employed. For example adamantane
functionalised pyrene is able to improve G dispersion in DMSO, DMF,
THF and NMP via sterics [168].
Pyrene has also been used to tether polymer chains to graphene,
either by the production of polymer chains end capped with pyrene
[171,172,184,185], or by incorporating pyrene bearing monomer units
into the polymer chain [186]. Pyrene chain ends are most frequently
introduced via a pyrene based initiator [182,184,187] but can also beproduced by modiﬁcation of chain ends post-polymerisation (Fig. 5)
[182].
A similar systemusingpyrene containingpolymerswas employed in
the exfoliation of graphene in chloroform to 67.4 μg ml−1 [184]. Little
work has been done on the inﬂuence of polymer chain molecular
weight on dispersion and exfoliation, although molecular weights
between 5 and 20 kDa seem to be efﬁcient [185,182].
Copolymers inwhich one component binds to the graphene can also
aid dispersion. Popescu et al. dispersed G in chloroform using copoly-
mers of styrene and 2-vinylpyridine with both block and star architec-
tures [188]. They achieved G concentrations of 0.29 and 0.22 mg ml−1
respectively. Protonation of the pyridine moieties decreased G concen-
tration to 0.04 mg ml−1; they attribute this to reverse micellisation of
the copolymers. This indicates that the electron deﬁcient pyridine
ring binds more strongly to graphene than styrene. Oligohistidine
bearing pyrene moieties have been used in the exfoliation and disper-
sion of graphene in water to 1 mg ml−1 [174,175]. Despite histidine
being aromatic, and known to bind to graphene [189,190], it did
not exfoliate graphene without the pyrene moiety being present. It
may be that in water, the hydrophobicity of the pyrene plays a role
in ensuring a strong interaction between the modiﬁer and the
graphene.
Conducting polymers, which are extended delocalised aromatic
systems, have also been exploited for the non-covalent modiﬁcation of
graphene. Both polyaniline [177,178] and more particularly PEDOT
[179] have been used to create dispersions. For example Jo et al.
exploited PEDOT, doped with PSS to improve the aqueous solubility,
to create water dispersible rGO at 0.4 mg ml−1 [179]. PEDOT, an
electron rich thiophene aromatic, absorbs on to graphene to which a
PSS layer subsequently absorbs; the dispersion is then maintained by
electrostatic repulsion. PEDOT:PSS dispersions can be of sufﬁcient
quality to allow the production of conducting composite inks [191].
The stabilisation of graphene in water has also been achieved with
DNA. Reduction of aqueous GO in the presence of single stranded DNA
produced a stabilised rGO dispersions at 0.5–2.5 mg ml−1 for several
months [176]. They also noted that using double stranded DNA was
much less effective. Flavlin mononucleotides can also aid achieve
aqueous dispersions of rGO up to 50 mg ml−1 [192]. It should be
noted that DNA binding to graphene is often also discussed as resulting
from hydrogen bonding or hydrophobic interactions [193,194].
4.1.2. Cation–π interactions
The cation–π interactionwas introduced byDougherty,whodemon-
strated that an electrostatic attraction can occur between a positive
charge and the quadrupole moment of the aromatic ring [195]. The
interaction is dominated by electrostatic and induction energies
[196–198]. Cation–π interactions between rGO and monovalent
inorganic cations involve a slow (several hours) but enthalpicaly
favourable binding process which gives a qualitative increase in rGO
dispersibility in water, DMSO and DMF [199]. Despite this, the metal
cation–π interaction has not been widely exploited. Instead the
focus has been on organic cations. The distinction between cation–π in-
teraction and the πcation–π has been discussed in detail elsewhere [160,
200]; brieﬂy the πcation–π is weaker than the cation–π interaction but
stronger than the π–π interaction.
Imidazoliumcations are often used [201], presumably because of their
planar and aromatic structure. The nature of the counter ion is known to
be important. Ghatee andMoosavi examined theoretically the absorption
of various organic cations (ionic liquids) on graphene [202]. They found
the steric bulk of the cation has only a marginal effect on the adsorption
of ionic liquids on graphene but the anion identity has a large effect;
PF6− giving a stronger adsorption than C1−. The calculated ΔHads being
−90 kJ mol−1 for Cl− and−10 kJ mol−1 for PF6− respectively.
Gao et al. demonstrate an aqueous dispersion of rGO with an
imidazolium modiﬁed polyether [203]. The aqueous in situ reduction
of GO in the presence of hydroxyl bearing ionic liquids allowed for
Fig. 5. (a) Graft from and graft to approaches toward pyrene containing polymers of polystyrene oxide (PSO-Py) and polyethylene glycol (PEG-Py). (b) Digital photo of PSO functionalised
graphene (PSO1:20-FG) and PEG functionalised graphene (PEG-FG)with different chain lengths dispersed in various organic solvents by bath sonication (b5min). (c) Photograph of PEG-
FGwith different chain lengths dispersed in chloroform by bath sonication (b5min). (d) Optical density at 500 nm of polymer functionalised graphene in chloroform at different concen-
trations.
Reproduced from [182] with permission of Royal Society of Chemistry.
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er extent, water. The hydroxyl groups were successfully used to initiate
the polymerisation of ε-caprolactone [204].
4.1.3. Surfactants
Of all the classes of non-covalent modiﬁers for the dispersion of
graphene surfactants are perhaps the most promising as there are a
wide variety available commercially.
Hsieh et al. examined the adsorption of SDS onto rGO surfaces by
conductometric titration, and identiﬁed several stages that occur at in-
creasing SDS concentrations: adsorption at the basal plane edges, com-
plete coverage of the rGO, and ﬁnally the formation of surface micelles
[205]. The same group also examined the effect of SDS concentration
on rGO dispersibility in water. At [SDS] b 10 μM rGO quickly
re-aggregated. Aggregation was suppressed as the [SDS] increased and
at [SDS] N 40 μM the dispersions were stable for over a year [206].
Fernández-Merino et al. compared the stabilisation of aqueous rGO by
a variety of surfactants at different pHs (Fig. 6) [110].
Surfactants with planar hydrophobic tails, and a capacity for π–π
bonding, performed best at dispersing G: in particular SDBS. The impor-
tance of surfactant microstructure is emphasised in the relative perfor-
mance of sodium cholate to sodium deoxycholate when dispersing
graphene in water, giving estimated concentrations of 0.52 and2.58 mg ml−1 respectively; this is attributed to the absence of oxygen
at aromatic centre of sodium deoxycholate improving its ability to
bind with graphene [207]. Studies on peptide binding also suggest
planar and small side groups aid strong adsorption which leads to
good dispersion [190].
For non-ionic surfactants in aqueous dispersions the conceptual
model is that the hydrophobic domains absorb to the graphene, and
the hydrophilic domains maintain the dispersion. This appears to be
the case for Pluronic (PEO-b-PPO-b-PEO) copolymer with rGO [110]
and GO [208,209]. In the case of Pluronic copolymers the length of
the hydrophilic PEO block appears to correlate with the aqueous
dispersion's stability [208,209].
However, not all non-ionic surfactants are block copolymers; one of
the most widely used non-ionic surfactants is PVP where each mono-
mer repeat unit is effectively a surfactant [210–212]. PVP has been
widely used to aid the exfoliation of graphene [213] and for the disper-
sion of rGO [214] in aqueous conditions to concentrations as high as
6.22 mg ml−1 [210]. PVP is also known to aid the exfoliation of
graphene in organic solvents including the following: NMP, DMSO,
DMF, IPA, ethanol and methanol and water [215].
Various other polymeric surfactants have also been shown to
stabilise graphene dispersions in water and organic solvents including
the following: PEI [216], PSS [88,217] and PVAc latex [218] at
Fig. 6.UV–vis absorbance at 450 nmmeasured on the supernatant of centrifuged (10,000 g, 10min) surfactant stabilised 0.1mgml−1 dispersions at pH12 (a) andpH1 (b). Two surfactant
concentrations are shown, 0.05% and 0.50% wt/vol.
Reprinted (adapted) from Fernández-Merino et al., with permission from Elsevier [110].
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water respectively. Bespoke polymers have been used to aid the exfoli-
ation of graphite producing stable graphene dispersions at high concen-
tration of up to 50 mg ml−1 [219].4.1.4. Particles
Non-covalent modiﬁcation via nanoparticles added to the surface
of graphene has been proposed as a way of improving dispersibility.
Particles act in a slightly different way to other non-covalent modi-
ﬁers because their size, when adsorbed onto the surface of graphene,
means they act as a barrier to the reaggregation of sheets: as well as
potentially improving compatibility with the solvent (Fig. 7) [220].
This process generally involves the in situ synthesis of nanoparticles
in the presence of graphene. For example silica nanoparticles grown
and calcined in situ from silanes on GO have improved dispersibility
in water and ethanol even after the GO is thermally reduced [220].
Similarly, magnesium phyllosilicate clay functionalised with an
amino silane can be used to improve the dispersion of rGO in
water: giving concentrations of up to 7.5 mg ml−1 [221]. Surfactant
coated polyoxometalate clusters (POMs) can be used to transfer rGO
from water to chloroform: a result which could not be achieved
with surfactant alone [222].
Organic and inorganic nanoparticles have been used to exfoliate
graphite producing high concentration dispersions of graphene
[223–225]. For example carbon dots have been shown to exfoliate
graphite and disperse the resulting graphene to concentrations of up
to 0.4 mg ml−1 in water [225].4.2. Covalent modiﬁcation of graphene
Graphene's inherent inertnessmakes its covalentmodiﬁcation a dif-
ﬁcult process. In spite of this,methods for the production ofmanydiffer-
ent forms of covalent modiﬁcation graphene and its derivatives are
presented in the literature. Functionalisation can be performed with
many different end goals in mind [74,160,226]. However, this section
will focus on those covalent functionalisation techniques most relevant
to improving the dispersibility of graphene and related materials.
4.2.1. Covalent functionalisation of pristine graphene
While research into the covalent modiﬁcation of G has produced a
range of functionalisation techniques [160,227,228], it is not an area
that has attracted much attention for the production of dispersions.
The reason for this is that for applications that require dispersible G,
non-covalent modiﬁers are usually the better option as they often
have to be used during the exfoliation of G.
4.2.2. Functionalisation of GO based materials
An alternative route to functionalised graphene is to use GO as a
startingmaterial. While GO is already a form of covalently functionalised
graphene, it is often categorised as a material in its own right [18]. Many
groups have taken advantage of GO's increased chemical reactivity
and used it as a starting material in the production of functionalised
graphene.
Functionalisation can be performed on either GO [229] or on rGO
[230,231] as some defect sites remain even after reduction. Each of
Fig. 7. In situ preparation of aminoclay-GO and aminoclay-rGO hybrids. The blue platlets depict aminoclay, the brown and grey sheet depict GO and rGO respectively.
Reproduced from [221] with permission of Royal Society of Chemistry.
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tion is performed on GO then the reduction stepmay be hindered as the
new functional groups on the surface could prevent the removal of ox-
ygen functionalities, or may even be removed in the reduction [232]. If
reduction is performed prior to functionalisation then the number of
potential reaction sites is greatly reduced and so the degree of function-
alisation is likely to be less [48].4.2.3. Starting from GO
While GO is an ideal candidate to use for covalent functionalisation
due to its already high level of functionality, the exact identity and
distribution of the oxygen containing groups on its surface is still
under debate [48]. It iswidely believed that there are a range of epoxide,
ether, aldehyde, ketone, alcohol, and carboxylic acid groups present on
the sheets [45–48]. This means that a variety of different reactions and
chemistries can be used to covalently functionalise GO.
The presence of carboxylic acid groups onGOallows smallmolecules
to be coupled to the GO via amide or ester bonds. In order to
functionalise at these sites, GO carboxylic acids must be activated in
order to increase their reactivity [48]. The reagents used to do this
include some commonly used for peptide synthesis such as EDC
[233–235], DCC [236,237], and HATU [238,239], and others more com-
monly found in synthetic organic chemistry such as thionyl chloride
(SOCl2) [240–243]. Once this activation has occurred the GO carboxylic
acids readily react with molecules containing functionalities such as
amines, to form amide bonds [234,235], and hydroxyls, to form esters
[160,236,237]. By selecting molecules that have similar chemistries
to the desired solvents, the dispersibility of graphene in a variety
of solvents can be greatly improved. Octadecylamine, dodecylamine,
and hexadecylamine functionalised rGOs showed improved
dispersibility of over 3 mg ml−1 in solvents with Hansen parametersof 6.3 b (δp + δh) b 13.7 such as toluene, chloroform, and chloroben-
zene [229].
An alternative approach to functionalisation presented by
Stankovich et al. involved the conversion of carboxylic acid and alcohol
groups present on GO into different reactive functional groups,
including amides and carbamate esters through the use of a range of
isocyanate functionalised hydrocarbons [88]. This process resulted in
an increase in the dispersibility of GO in DMF, NMP and DMSO.
Carboxylic acid groups only make up part of the oxygen content of
GO, and are generally believed to be located at the edges of sheets.
Therefore an alternative approach is to target the other functional
groups present, most commonly the epoxide group. Functionalisation
by the ring opening of epoxides can proceed via a number of methods
including the use of sulphur nucleophiles such as potassium thioacetate
[244], the conversion of epoxy groups to hydroxyl groups by the use of
by TRIS [245], and the use of malononitrile which adds to the epoxide
group to leave pendent nitrile groups which can then be further
functionalised [246].
Another approach to the covalent functionalisation of graphene
oxide is the use of silanes as amodiﬁer. Functionalisation occurs by a re-
action between hydroxyl groups on the GO surface and the trialkoxy
groups present on the silanes, after which reduction can be performed
to form functionalised rGO [247]. Silanes can be used to improve the
dispersibility of GO in a wide range of media. Reaction of GO with
EDTA–silane formed EDTA–rGO which could be dispersed in water
[247]. An alternative approach involved the functionalisation of GO
with GPTMS to form silane functionalised GO which then showed im-
proved dispersibility in epoxy resin for use in nanocomposites [248].
Aswell as the covalent functionalisation of GOwith smallmolecules,
it is also possible to functionalise GO with polymer chains, or to even
initiate polymer growth off the surface of a GO sheet. ATRP can be
used to functionalise GO with poly(tert-butyl acrylate) which can be
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et al. improved the solubility of GO in a variety of both polar and
non-polar organic solvents including DMF, toluene, chloroform, and
methylene chloride, up to 30 mg ml−1, via the formation of surface
initiated poly(styrene) on GO [250].
4.2.4. Starting from rGO
Functionalisation of rGO, which has had the majority of its oxygen
functionalities removed, tends to involve more similar reactions to
those performed on pristine graphene than those performed on GO.
However, it is possible to add functionality at the residual oxygen con-
taining groups on the material [251,252]. One of the most popular
routes for the functionalisation of rGO is the use of diazonium salts.
These can be used to add a range of functional groups to rGO
[230,231,253–255]. While rGO has greater potential for functionalisa-
tion than G, due to being open to both graphene-like and GO-like
covalent functionalisations, it is little used. However, Shen et al. were
able to produce amphiphilic rGO functionalised by polystyrene–
polyacrylamide copolymers, improving the dispersibility of rGO in
both water and xylene, and claim this to be a universal way of improv-
ing compatibility of rGO as the hydrophilic–hydrophobic balance of the
copolymer can be controlled to improve interactions with a wide range
of polymers or solvents [251].
4.3. Challenges associated with the characterisation of functionalised
graphene
As has been previously discussed in this section, both covalent
and non-covalent methods for the functionalisation of graphene and
GO have their advantages and disadvantages. However, within the
literature there remains considerable ambiguity over which routes
functionalisation is occurring by. In many cases it may be that the func-
tionalisation occurring is, in reality, based on amix of interactions. From
a scientiﬁc perspective this is somethingwhichmerits further investiga-
tion. However, from an industrial perspective this is of less importance
as the results achieved remain the same. Routes created to produce co-
valently functionalised graphene, by design, involve reagentswhichwill
interact together favourably and so a considerable degree of non-
covalent functionalisation may also occur, be it ionic, π–π stacking,
cation–π, or dipole based. Due to the strength of some of these interac-
tions functionalising reagents that are not covalently attached can still
be extremely difﬁcult to remove from the surface of the graphene.
4.4. Restoring the properties of graphene
The modiﬁcation of graphene and graphene derivatives to improve
its dispersibility does have a negative impact on the physical properties
of the material, generally due to the disruption of the extended sp2
hybridisation found in graphene (Table 2) [110]. Therefore, there isTable 2
Percentage rGO vs conductivity and speciﬁc capiciatance in paper like ﬁlms cast from
surfactant rGO dispersions.
Reprinted (adapted) from Fernández-Merino et al., with permission from Elsevier [110].
Film rGO/wt.% Conductivity/S m−1 Speciﬁc capacitance/F g−1
RGO 100 (~12 mg) 7548 38
RGO/PBA 36 13.31 1
RGO/DOC 47 0.06 1
RGO/TDOC 36 2.18 3
RGO/PSS 41 10.51 114
RGO/SDBS 29 0.87 7
RGO/SDS 87 4679 46
RGO/CHAPS 36 0.92 2
RGO/DBDM 11 0.01 3
RGO/P-123 38 5.53 12
RGO/Brij700 10 1.08 6
RGO/Tween 80 13 0.41 95often a desire, as a ﬁnal step, to remove any modiﬁers: restoring the
properties of the graphene.
In applicationswhere the end product is not a dispersion the remov-
al ofmodiﬁers usually involveswashing or thermal annealing. However,
the nature of the end application may limit what can actually be
achieved, for example GO printed on paper could not be thermally
annealed to high reduction temperatures (N500 °C) without damaging
the paper; as a result only partial de-functionalisation may be possible
[25]. By contrast washing may be more mild but is only an option in
non-covalently modiﬁed G and requires substrates to be compatible
with washing solvents.
In order to reduce the impact of this problem, the amount of modiﬁ-
er can beminimisedwhile still in dispersion using a strategy outlined by
Irin et al. [256]. They compared different techniques for removing unab-
sorbed surfactants and found that vacuum ﬁltration N dialysis N spray
drying for PVP and PSA. However, in terms of maintaining colloidal
stability: dialysis N vacuum ﬁltration N spray drying; which is unsurpris-
ing given that the latter two require the material to be removed from
dispersion then re-dispersed.
5. Characterisation
The stability of a dispersion can only be deﬁned based on the
application it is destined to be used for and what the important proper-
ties are in this application. Some dispersions, which may need to be
stored for a long time can only be considered to be stable if there is no
change in concentration over this time period. In other systems sedi-
mentation is unimportant, for example fruit juice can exhibit pulp set-
tling without the quality of the product being affected [257].
Graphene characterisation is a complex area encompassing electri-
cal, spectroscopic, and microscopic methods and has been reviewed
elsewhere [258,259]. However, in relation to dispersions the property
that principally needs to be determined is the concentration, relative
or absolute, of graphene and the variation of this over time.
5.1. UV–vis
A commonly applied method of determining concentration is
UV–vis spectroscopy. The UV absorption in graphene is dominated by
the π→ π* C=C plasmon transition at λmax b 300 nm [260]. The absor-
bance atN500nm isﬂat, but the optical density is dependent on concen-
tration. As a result this area of the spectrum is often used to determine
concentration according to the Beer–Lambert law. This requires the
use of an absorption coefﬁcient: usually designated α. The absorption
coefﬁcient for graphene has been shown to vary widely between
samples, for example Coleman's group reports α in independent exper-
iments ranging between 1390 and 6600 ml mg−1 [16,20,261,262]. Su
et al. investigated the important parameters in determining absorption
coefﬁcients for rGO dispersions in NMP, from which they conclude that
in rGO and Gα is proportional to three variables: lateral sheet size, num-
ber of layers, and number of functional groups [263]. Consequently, care
must be taken when using literature values of α, as should applying a
single value ofα across a series of differently processed or functionalised
samples. However, in spite of this, UV–vis remains the most convenient
method of determining the dispersion concentration and stability.
An alternative method of measuring concentration is simply to iso-
late and weigh the dispersed graphene, either by conventional drying
to constant mass or by thermogravimetric analysis [264]. While simple
this method requires large amounts of material which can be inconve-
nient especially when performing sedimentation and stability studies
There is no consensus in the literature as how to best prepare the
samples. For example it is common to both immediately measure the
as prepared dispersion, and to allow larger particles to sediment out.
The latter is often achieved either by “mild” centrifugation [206,260]
or by allowing the solution to stand over an certain length of time [51,
265].
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Light scattering is a technique which can be used to determine both
the size and shape of colloidal particles. Light scattering is divided in to
two forms: static (SLS) and dynamic (DLS). The former ignores the
motions of the particles, while the latter uses the motion to determine
particle size [266]. Unless more specialist models are applied: most
commercial equipment will tend to model for spherical scattering.
Consequently, sizes obtained are sphere equivalent sizes rather than
absolute values [266]. The validity of both techniques is undermined
by multiple scattering, occurring off more than one particle, which is
particularly problematic for large particles, concentrated colloids, or
for particles which have high refractive index contrast with the
medium. However, with these limitations in mind it is still possible to
gain useful data from light scattering.
SLS can provide data on both particle size and shape by measuring
scatter intensity at multiple angles simultaneously. However, for parti-
cles with size ≥ the laser wavelength, the models for non-spherical
particles are incomplete [266]. In graphene–THF colloids, the graphene
was conﬁrmed to be a large ﬂat disk, but size could only be determined
to be N1 μm [267]. While it is possible to ﬁnd numerical solutions for
particles of arbitrary size and shape, these have limited validity in poly-
disperse systems. Consequently for the casual user SLS is most likely to
be useful for determining sphere equivalent sizes.
In DLS particle size is determined via the diffusion coefﬁcient; an au-
tocorrelation function is used tomonitor the temporal change in scatter
intensity as theparticlesmove under Brownianmotion. This can then be
used to calculate a particle size, typically as a sphere equivalent [266]. In
non-spherical particles like graphene a more physically real description
of size has to account for two diffusion coefﬁcients: lateral and rotation-
al. Such models have been successfully used to ﬁt graphene DLS data,
though they are difﬁcult to work with [267]. A less cumbersome
approach was proposed by Lotya et al. who developed an empirical
model to convert sphere equivalent sizes to graphene ﬂake sizes
although this fails to account for particle polydispersity [268].
The difﬁculties in using light scattering mean that, for the casual
user, sphere equivalent sizes combined with microscopy techniques
on dried down colloids remain the most accessible route to particle
sizing.
5.3. Zeta potential
When a material is immersed in a solvent a charge may develop at
the interface creating a potential; graphene in water is typically nega-
tively charged [269,270]. This may be modelled as an electric double
layer, in which there are three distinct regions: a closely bound layer
of oppositely charged ions (Stern layer), a diffuse layer and then the
bulk solvent (Fig. 8). Located somewhere within the diffuse layer isFig. 8. A schematic of the ζ-potential double layer mthe shear (slip) plane, belowwhich all the componentsmove as a single
kinetic unit with the particle. The potential at this shear plane is deﬁned
as the zeta (ζ)-potential. This potential often correlates strongly to
dispersion stability with higher magnitude zeta potentials (|ζ|) being
more stable due to electrostatic repulsion between particles. This is af-
fected by temperature, solvent, ionic strength and pH [271]. The de-
tailed discussion of colloidal stability over different timescales is
discussed elsewhere in detail [271]. However, as a general guide |ζ| of
0–10mVwill be unstable, 10–30mVwill be slightly to moderately sta-
ble, 30–60 mVwill have good stability, and N60 mVwill have excellent
stability for electrostatically repelling particles [272]. Although it should
be noted that sterically stabilised colloids can be stable without large ζ-
potentials [273].
Direct measurement of ζ is not possible, rather the particle's
electrophoteric mobility is measured. In modern commercial equip-
ment this is routinely measured by electrophoteric light scattering:
the process being simple and very fast [273]. The particle's velocity is
measured in an electric ﬁeld by monitoring the Doppler shift in
scattered light [273]. The electrophoteric mobility can then be applied
to a model to obtain ζ. There are several specialist models, but two clas-
sical models Hückel and Smoluchowksi are themost commonly applied
as each represents an extreme. Doane et al. discuss model choice in de-
tail, but for large (μm), colloidal particles with large radius of curvature,
the Smoluchowski model is generally the more appropriate [273]. This
is convenient as the Smoluchowski model does not depend on particle
shape. However, exceptionsmay exist at low ionic strength or in organic
solvents [271].
For both GO and rGO in water between pH 3 and 12 ζ is negative
[270], reﬂecting the pKa of the oxygen functionalities present [274].
However, GO is stable from pH 4–11.5 whereas rGO is stable only be-
tween pH 8–11.5. This corresponds with |ζ| N 30 mV which is achieved
at approximately pH 4 and 8 for GO and rGO respectively. This has been
attributed to the deprotonation of different groups; GO being stabilised
at relatively low pH due to negatively charged carboxylates; whereas,
rGO stability relies on the deprotonation of phenolic group which only
occurs at higher pH [270].
Liu et al. mapped the ζ-potential of G exfoliated in several organic
solvents including the following: benzoyl chloride, 1,2-dichloroben-
zene, GBL, DMF, and NMP among others [269]. In all solvents the
dispersed G was found to have |ζ| ≥ 30 mV. Foll all solvents studied,
other than benzyl chloride and dicholorbenzene, ζ was negative. This
is attributed to Lewis charge transfer of interfacial solvent molecules
and the graphene.
5.4. Long term stability of dispersions
The long term stability of a dispersion is a quality that is extremely
important formany commercial applications of graphene. It is however,odel for a negatively charged graphene sheet.
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The only deﬁnitive method to determine the long term stability of a
graphene dispersion is to observe its concentration over a long time pe-
riod, looking for any change in its quality (either directly measuring
concentration or another important property such as conductivity,
viscosity etc.). Unfortunately this process is often a bottleneck in research
and development of dispersions and so several techniques are available
to accelerate it. These include centrifugation, mixing and agitation, ther-
mal procedures, and physico-chemical methods [257]. It should howev-
er, be noted that these techniques may induce additional destabilisation
which would not be observed under normal conditions [257].
6. Conclusion
The importance of stable dispersions for the commercialisation of
graphene cannot be overstated. In this review several applications are
highlighted in which end users will require graphene dispersion
which are tolerant to batch to batch variabilities between formulations,
have long shelf lives or else are trivially re-dispersed.
Currently the literature overly relies on sonication, which will be
limiting in large volume applications. Consequently alternatives to
sonication such as high shear mixing or ideally simple agitation are a
priority. In addition there is a need to increase the concentration of
graphene dispersions, the cost and risk of transporting and storing
large dilute solutions is potentially high; end users may also wish to di-
lute concentrate dispersions into their own formulations. Therefore,
there is a need to address the long term evolution and stability of
graphene dispersions. While characterisation of dispersions can be
both difﬁcult and time-consuming, it should not be prohibitive provided
the limitations of current techniques are understood.
Despite these challenges we have highlighted the considerable
successes of the ﬁeld, in particular the increase in dispersed graphene
concentration from μgml−1 tomgml−1, over the last ten years.Moreover
the range of solvents has also increased to include more volatile and less
toxic alternatives to NMP, DMF etc. While the cost effectiveness of the
modiﬁcations and processes used is still unclear, they demonstrate the
principle that the challenges of working with graphene can be overcome.
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